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ABSTRACT 

We present a comprehensive multiwavelength analysis of the hot DB white dwarf PG 0112+104. 
Our analysis relies on newly- acquired FUSE observations, on medium-resolution FOS and GHRS data, 
on archival high-resolution GHRS observations, on optical spectrophotometry both in the blue and 
around Ha, as well as on time-resolved photometry. From the optical data, we derive a self-consistent 
effective temperature of 31, 300 ± 500 K, a surface gravity of log g — 7.8± 0.1 (M = 0.52 Mq), and a 
hydrogen abundance of log A^(H)/A^(He) < —4.0. The FUSE spectra reveal the presence of C II and 
C III lines that complement the previous detection of C II transitions with the GHRS. The improved 
carbon abundance in this hot object is logiV(C)/A^(He) = —6.15 ± 0.23. No photospheric features 
associated with other heavy elements are detected. We reconsider the role of PG 0112+104 in the 
definition of the blue edge of the V777 Her instability strip in light of our high-speed photometry, and 
contrast our results with those of previous observations carried out at the McDonald Observatory. 
Subject headings: white dwarfs 



1. ASTROPHYSICAL CONTEXT 

The DB stars constitute the subgroup of helium- 
atmosphere white dwarfs whose optical spectrum is dom- 
inated by the transitions of neutral helium. Their 
effective temperatures extend from roughly 13,000 K up- 
ward to ~ 40,000. The lower boundary is imposed by 
the visibility of the He I lines, that become very weak 
and disappear near that effective temperature, while the 
upper boundary is the effective temperature near which 
the smooth merging occurs between the DB sequence 
and the sequence of the hotter DO stars, whose spec- 
trum is characterized by lines of ionized helium. Some 
fihing-in of the region between 30,000 K and 40,000 K, 
previously th ought to be devo id of helium-atmosphere 
white dwa rfs (iWesemael et al.|[l985il and known as the 
"DB gap" (|Liebert et all 119871 ). has been accom p lished 
with the recent observation by lEisenstein et al.l ()2006l ) 
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of several fainter hot DB stars in the Sloan Digital Sky 
Survey (SDSS). 

While the idea of a true gap in the cooling sequence 
of the heliu m-atmosphere w hite dwarfs has now been 
abandoned, lEisenstein et al.l ()2OO60 argue nevertheless 
for the presence of a residual imbalance in the relative 
numbers of DA and DB stars, in the sense that the 
DA/DB number ratio is ~ 2.5 times larger at 30,000 
K than it is at 20,000 K. This result is interpreted in 
terms of a transformation of 10 % of the DA stars 
observed at 30,000 K into DB stars by the time these 
objects cool down to 20,000 K. If this were the case , the 
physical mechanism invoked by iLiebert et al.l (|1987l ) and 
iFontaine fc Wesemaell (|1987l ) within their global spectral 
evolution scheme for white dwarfs might still be relevant. 
It would require that a fraction of DA white dwarfs be 
characterized by a hydrogen envelope that is thin enough 
(of the order of Mh < 10~^'^'^ Mi^) for mixing to start 
between that envelope and the active, underlying helium 
convection zone. The photospheric composition would 
thereby revert to a helium-dominated one as the star 
proceeds along its cooling track. 

Before the numerous SDSS discoveries, the northern 
DB star PG 0112+104 had long held the status of the 
hottest DB star. Today, it merely appears cooler than 
most of the SDSS stars. Nevertheless, its discovery in 
the PG survey at a reasonable brightness {V ~ 15.4) 
makes it accessible to a variety of instruments, a sub- 
stantial bonus for a hot DB star. As such, it represent 
the best studied DB white dwarf above 30,000 K. Since 
it is not exactly understood how DB stars above 30,000 
K fit into white dwarf evolution, a comprehensive anal- 
ysis of PG 0112+104 is crucial for an understanding of 
the still uncertain nature of the spectral evolution mech- 
anism. PG 0112+104 is also the best object near the un- 
certain boundaries of the V777 Her variable separating 
hot DB star from DB pulsators so an accurate determi- 
nation of its atmospheric parameters is important for an 
unambiguous empirical location of the blue edge of the 
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DB instability strip. 

Prompted by these considerations and by FUSE ob- 
servations secured by one of us (TL), we endeavor here 
to reexamine PG 0112+104. With the recent demise of 
FUSE, this object is the last classical DB star for which 
FUSE data are available and unpublished. These data 
are combined here with additional, and largely unpub- 
lished, information available on this object in order to 
constrain effectively its atmospheric properties and to 
try to shed light on its nature. In addition, the status 
ofPG 01124-104 as a non- variable star has recently been 
challenged (|Shipman et all 120021: [Provencal et al.l |2061 
so we take advantage of this study to reconsider the is- 
sue of the variability of this critical object. 

We present the observational material on which this in- 
vestigation is based in § 2, and discuss some issues related 
to the modeling of DB stars in § 3 and 4. Our reanalysis 
follows in § 5, while our conclusions are presented in § 6. 

2. OBSERVATIONAL MATERIAL 
2.1. FUSE data 

The FUSE detectors span the ultraviolet region be- 
tween 905 and 1187 A, a region where numerous tran- 
sitions associated with heavy elements are located. The 
spectroscopic observations of PG 0112-1-104 were secured 
in TTAG mode through the high-throughput LWRS 
aperture, which provides high-resolution ultraviolet spec- 
tra with A/AA ^ 15,000. One set of exposures, 22.9 ks 
long, was secured on 2004 January 2 within GO pro- 
gram C026 (P.I.: TL), while a second, shorter series of 
exposures (4.25 ks) was secured by JWK on 2004 Decem- 
ber 19 within the FUSE photometric calibration program 
M102. Table 1 summarizes these spectroscopic observa- 
tions, together with those secured for this project with 
other instruments. Data were reduced using the pipeline 
software CalFUSE (version 3.2 .1). A detail e d disc ussion 
of CalFUSE 3 is presented bv iDixon et all (|2007l ). The 
individual exposures were coadded for segments A and 
B for the four channels (SiCl, SiC2, LiFl and LiF2) in- 
dividually. To carry out this procedure, we use t he pub- 
licly a vailable program FUSE_register written bv lLindleil 
(|2001h together with scalar weights based on the expo- 
sure times. The eight weighted segments were then coad- 
ded with the use of a linear interpolation between the 
spectra in order to produce a final spectrum covering the 
whole FUSE spectral range. Figure 1 shows the whole 
FUSE spectrum of PG 0112+104 that was obtained by 
merging the SiClB, LiFlA, SiC2B, LiF2A, and LiFlB 
segments. For the spectral analysis, we combine the seg- 
ments that provide the best resolution after accounting 
for the small wavelength shifts between them. In all 
cases, the noise level varies throughout the spectrum. 
This is due to the significant change in the effective area 
of the channels with wavelength, which results in varia- 
tions in the signal-to-noise ratio. In addition, the number 
of segments covering a given spectral region is a function 
of wavelength. 

When searching for additional stellar lines, like C III 
A977 and potential O I, N I, and N II transitions, it is nec- 
essary to extract the night-only data, because these lines 
can be blended with strong emi ssion lines com i ng fro m 
the terrestrial day airglow (see iFeldman et all (pOOl ). 
The night-only data are obtained by reprocessing the 
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Fig. 1.— FUSE spectrum of PG 0112+104. The spectrum is 
obtained by merging the SiClB, LiFlA, SiC2B, LiF2A, and LiFlB 
segments. The interstellar H I, N I, N II, O I, Si II, Ar I, and 
Fe II lines are labelled, as are the observed photospheric C II and 
C III transitions. The symbol x indicates geocoronal emission lines, 
except for the C III line at 977 A that originates from scattered 
solar emission. 

raw data with the keyword DAYNIGHT set to NIGHT. 
In this way, the FUSE pipeline processes only data that 
were taken during the night. That subset amounts to 66 
% of the original data secured. 

2.2. FOS and GHRS data 

Medium-resolution FOS red digicon data of PG 
0112+104 can, when combined with medium-resolution 
GHRS data, be used to construct an energy distribu- 
tion which replaces the low signal-to-noise data secured 
many years ago with the lUE satellite and repeatedly 
analyzed since (iLiebert et all \T986: Th eill et al.l 119911 : 
iCastanheira et al.ll2006D~ 

The FOS data were acquired through the large (3.7" x 
1.3") aperture with the red G190H and G270H dis- 
persers, and cover the region between 1571 and 2311 A, 
and between 2222 and 3277 A at a resolution A/AA — 
1300. This corresponds to ^ 1 — 2 A through our 
wavelength range. These data were complemented with 
medium-resolution GHRS data secured through two ex- 
posures with the G140L grating and acquired at a spec- 
tral resolution of ^ 0.65 A (image number z3eu0106p in 
the 1136-1422 A range and z3eu0107p in the 1389-1675 
A range). At La, our GHRS data are of lower quality 
than those secured at better spectral resolution (~ 0.08 
A) by [Provencal eFall (I2000D. These data, a log of 
which is given bv [Provencal etall (pOOfll ). were retrieved 
from the MAST archives. The concatenated medium- 
resolution data are displayed in Figure 2. 

2.3. Optical spectrophotometry 

Two blue optical spectra of PG 0112+104 were secured 
over a time span of 18 years (see Table 1 for a summary of 
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TABLE 1 

Summary of FUV, UV, and Optical Spectroscopic Observations. 



Program ID 


Date 


Grating 


R = A/ A A 


Wavelength (A) 


Exp. Time (s) 


Instrument 


C0260301 


Jan 02 2004 




18,000 


905-1187 


22899 


FUSE 


M1020101 


Dec 19 2004 




18,000 


905-1187 


4250 


FUSE 


Z3EU0106P 


Nov 15 1996 


G140L 


2000 


1136-1422 


653 


HST/GURS 


Z3G70207T 


Dec 02 1996 


G160M 


15,000 


1196-1234 


5658 


HST/GURS 


Z3G60205M 


Nov 14 1996 


G160M 


17,000 


1316-1353 


3699 


HST/GRRS 


Z3EU0107P 


Nov 15 1996 


G140L 


2300 


1389-1676 


1197 


HST/GRRS 


Y3EU0103P 


Nov 15 1996 


G190H 


1300 


1571-2311 


480 


HST/FOS 


Y3EU0104P 


Nov 15 1996 


G270H 


1300 


2222-3277 


160 


HST/FOS 




Jul 19 1991 


600(1) 


700 


3750-5100 


2100 


2.3 m/B & C 




Nov 23 2009 


600(1) 


600 


3200-5300 


1200 


2.3 m/B & C 




Sep 29 1999 


KPC 18C 


2200 


5600-7400 


2400 


4 m/R-C 




Feb 24 2000 


KPC 18C 


2200 


5600-7400 


1800 


4 m/R-C 
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Fig. 2. — Concatenated medium-resolution GHRS and EOS data 
for PG 0112+104. The data have been smoothed with a 10-point 
filter. The ranges of the two exposures through the G140L grating 
on the GHRS and of the two EOS exposures with the red G190H 
and G270H dispcrsers are indicated. The three tick marks in the 
G270H range show the location of strong He I features, while the 
spikes near 2090A and 2960 A appear to be due to improper ac- 
counting for counter overflow. The box features an unsmoothed 
blowup of the 1200-1350 A GHRS G140L region, whore the H I 
ha line as well as the resonant interstellar Si II A1260, O I A1302, 
and C II A1334 lines are located. The locations of the last three 
are indicated by tick marks. The four spikes in the 1230—1240 A 
range appear to be associated with an on-board memory problem. 

our observations). PG 0112+104 initially belonged to a 
sample of over 100 DB stars observed over several years in 
the blue optical region at the Steward Observatory 2.3 m 
Bok telescope. This sa mple for med the observational ba- 
sis for the work of Beauchamd (fT995V The instrumental 
setup includes a Boiler & Chivens Spectrograph, a 4.5 
arcsec slit, and a 600 1 mm~^ grating in first order. To- 
gether with a 800 x 800 TI or a 1200 x 800 Loral CCD, 
this combination provides coverage of the ^ 3750 — 5100 
A region at an intermediate resolution of ^ 6 A. The PG 
0112+104 spectrum was characterized by a S/N ratio of 
120. More recently, a new observation of PG 0112+104 
with the same telescope was secured specifically for this 
paper. The new data are entirely consistent with the 
older spectrum secured in 1991, and have the added fea- 
ture that an annoying instrumental glitch present in the 
older data near 3950 A has been removed. 

PG 0112+104 was also included in the sample of star s 
observed at Ha and analyzed by iHunter et al.l ()2001[ ). 
The red spectroscopy was secured during two runs at the 



KPNO 4 m Mayall telescope equipped with the Ritchey- 
Chretien Focus Spectrograph, UV Fast Camera, and 
T2KB CCD. The data from both runs were later com- 
bined. Coverage extends approximately from 5600 A to 
7400 A, at a resolution of - 3 A. A S/N ratio of 90 
was achieved. The blue and red spectra are displayed 
together in Figure 3. 
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Fig. 3.— Blue and red spectra for PG 0112+104. The optical 
spectrum of that star shows only lines associated with the He I ion. 
The features near 6250 A are due to night-sky lines. Superposed 
in red is our fit at the optimal parameters discussed in the text. 
The insert shows the comparison of our predicted Ha profiles for 
hydrogen abundances of log Af(H)/A'^(He) = —4.0, —3.5, and —3.0. 



2.4. High Speed Photometry 

High speed photometry was obtained by GF and 
S. Charpinet on 2002 July 14 UT with LAPOUNE, the 
portable Montreal 3-channel photometer on the CFHT 
3.6 m reflector. The instrument uses three Hamamatsu 
R647-04 photomultiplier tubes to measure simultane- 
ously the target star, a reference star, and the sky. The 
light curve of slightly over an hour long (3650 s) was ob- 
tained under excellent photometric conditions, and con- 
sists of 365 points sampled every 10 s. Our light curve is 
shown in Figure 4. 

3. MODEL ATMOSPHERE AND SYNTHETIC SPECTRUM 
CALCULATIONS 

Our analysis is based o n our updated grid of white 
dwarf models described in iTremblav &: BergeronI (|2OO90 
in which we have incorporat ed the improved Stark 
profiles of neutral helium of .Beauchamp et al.l (fl997.) . 
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Fig. 4.— Light curve of PG 0112+104 obtained at the CFHT. 
The observation lasted 3650 s, and the sampUng time was 10 s. 

In the context of DB stars, these mode ls are com- 
parable to those descri bed by iBeauchampI (|1995D and 
iBeaucha mp et abl ()1996D . with the exception that at low 
temperatures (T < 10,800 K), we now use the fre e- free 
absorp tion coefficient of the negative helium ion of iJohnI 
(|1994f l. but this should have no effect on the analysis of 
PG 0112+104 (as discussed further below). Our mod- 
els are in LTE and include convective energy transport 
within the mixing length theory. As in the analysis of 
IBeauchamp et alT (119991. we use here the parameteriza- 
tion described as ML2/a = 1.25. Synthetic spectra based 
on these models were used for the La and optical spectra 
analyses. 

In addition, several calculations were also carried out 
with TLUSTY and SYNSPEC, the publicly- available 
model atmosphe re codes developed by I . Hubeny and one 
of us (TL) (e.g.. lHubenY fc Lanz |[l995l) which were also 
used in the analvsis of [Provencal et all ()2000t ). Specifi- 
cally, we used these codes for the determination of the 
carbon abundance and to set the upper limits on other 
heavy elements (see § 5.5 below) as well as to reassess 
the importance of NLTE effects in DB stars (see § 4 be- 
low). While the standard parameterization of the convec- 
tive efficiency within the mixing length theory included 
in TL USTY corresponds to that described by iMihalasI 
we have modified our version to be able to con- 
sider alternative efficiencies. 

4. THE IMPORTANCE OF NLTE EFFECTS IN DB STARS 

In their analysis of H ST observations of he lium- 
atmosphere white dwarfs, [Provencal et al.l (|2000l ) sug- 
gest that NLTE effects in the continuum of DB stars 
might be significant and deserve consideration in their 
analysis. Their Figure 3 shows, in particular, devia- 
tions at the level of 9 % near 1500 A, and at the level 
of 4 % near 4000 A, between emergent fluxes from a 
LTE model and those of a NLTE model, both com- 
puted with TLUSTY at T^s = 25, 000 K. This comes 
a bit as a s urpri se sin ce the early investigations of both 
iKudritzkil (| 19 761) and iWesemaell ()1981[ ) suggested that 
NLTE effects in the continuum were negligible even at 
effective te mperatures considerably higher than that of 
iProvencaTet al.. (,2000.) . .Dreizler fc Werner, (,1996.) also 



justified a LTE analysis of the DB stars on the basis of 
the complete absence of NLTE effects in the He I line 
spectrum at T^s = 40, 000 K; NLTE effects in the lines 
can persist even when continuum NLTE effects are com- 
pletely negligible (a case in point would be the sharp 
Ha core in cool DA stars). Even more recently, in a re- 
analysis of hot SDSS DB wh ite dwarfs in the DB-gap, 
iHiigelmever fc DreizleJ ()2009f ) concluded that LTE is a 
valid assumption for objects with effective temperature 
below 45,0 00 K. The result of 'DrcizlerA-Vfernerl (|1996l ) 
and Hiige lmever fc Dreizleri (2009) thus appear to con- 
firm the earlier assessment that NLTE effects are negli- 
gible for the analys is of DB stars. 

Intrigued by the [Provencal et al.l ()2000D claim, which 
is based on TLUSTY models, we have computed our own 
NLTE models of DB stars with TLUSTY. The input pa - 
rameters are identical to those of lProvencal et all (|2000t) , 
namely T^s = 25, 000 K, \ogg = 8.0, log iV(C)/Af(He) = 
log jV(H ) /Njil e) = —5.0, and the parameterization of 
IMihalasI ()1978() for the convective flux within the mixing- 
length theory. We find no observable NLTE effects in the 
ultraviolet and optical continua at that effective tem- 
perature. Furthermore, additional tests suggest that 
no NLTE effects are apparent in the optical He I line 
spectrum at 40,000 K and 30,000 K, the highest tem- 
perature we considered. This is in complete a gree- 
ment with the result of 'Dr eizler fc Wernen (|1996[ ) and 
Hiigclmcycr fc Dreizler (200|). However we find NLTE 
effects within ±2.5 A of the core of the La line, which 
is formed high in the photosphere. We have explicitly 
checked that these effects have no significant impact 
upon the analysis we carry out, given that the saturated 
interstellar profile at logiVn = 19.4 dominates the core 
of the observed La profile. We also explicitely verified 
that the models calculated with small traces of carbon 
are identical to those without carbon. The abundance of 
carbon needs to be several orders of magnitude higher, 
which is ruled out by spectroscopic observations, to have 
any detectable effect on the thermodynamic structure. 
Therefore, classical LTE DB atmosphere models are suf- 
ficient for determining the effective temperature and the 
surface gravity of PG 0112-1-104 from the optical spectra. 

5. ANALYSIS 

5.1. Determination of the atmospheric parameters from 
optical data 

The analyses of IBeauchampI (|1995f) and 
IBeauchamp et al.l (|1999f) show that the effective 
temperature determined from the optical spectrum 
of hot DB stars depends on the hydrogen abundance 
adopted for the atmosphere, despite the fact that 
hydrogen may not be directly visible. This is why two 
effective tem peratures, which differ by 200—4000 K, 
are listed by IBeauchamp et al.l (|1999[ ) for the majority 
of DB stars: the hotter one was obtained under the 
assumption of a completely hydrogen-free atmosphere, 
and the cooler one was obtained under the assumption 
that hydrogen is present at an abundance slightly below 
that at which the H/3 line would become visible. In 
general, thus, the fits to the He I lines in the optical 
provide a locus of optimal effective temperatures as a 
function of assumed hydrogen abundance. 

The constraints that can be placed on the photospheric 
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hydrogen abundance thus represent important ingredi- 
ents in the analysis of hot DB stars. These can be 
obtained by searching either the Ha transition in the 
red or the La transition in the ultraviolet. Both tech- 
niques have well-known advantages and disadvantages. 
In rare cases, for example for bright or important ob- 
jects, both sets of data are available. This is the case for 
PG 0112-^104. 

The fits to the older blue optical spectrum of PG 
0112+104 by iBeauchamp et al.l ([T999f ) yielded Teff = 
31,500 K, logg = 7.82 for a pure helium composition, 
and Toff — 28,300 K, logg = 7.76 for a composition 
with log A^(H)/A^(He) = —3.0. This representative abun- 
dance was chosen at the time on the basis of a quick 
look at the newly-acquired GHRS data which appeared 
to show a fairly strong La p rofile. Of course , the p ro- 
file has since been shown by iProvencal et al.l ()2000( ) to 
have a substantial interstellar contribution, and their de- 
rived photospheric hydrogen abundance, namely —4.0 < 
log A^(H)/A^(He) < —3.5, is conse quently somewhat 
lower than the nominal value used bv IBeauchamp et al.l 
dHH). 

As an internal check of our updated model grid dis- 
cussed in § 3, we analyzed this older spectrum using 
our fitting technique that relies on the non linear least- 
squar es method of Levenberg-Marquardt () Press et al.l 
Il986f) . which is based on a steepest descent method. The 
model spectra (convolved with a Gaussian instrumental 
profile) and the optical spectrum are first normalized to 
a continuum set to unity; this continuum i s set in a sim- 
ilar fa shion to that described in detail in iLiebert et al.l 
()2005[) for DA stars. The calculation of is then carried 
out in terms of these normalized line profiles only. At- 
mospheric parameters - Tcff, \o%g - are considered free 
parameters in the fitting procedure; in the case of PG 
0112+104 we assume a given value of the hydrogen abun- 
dance and compare the predicted Ha profile with the ob- 
servations to set a limit on the hydrogen abundance (see 
below) . Our atmospheric parameters with this old spec- 
trum yields Tcff = 31,600 K and logg = 7.85 under the 
assumption of a pure helium compos ition, in excellent 
agreement with the values reported bv IBeauchamp et al.l 
()1999() . which suggests that both model grids for DB 
stars are entirely consis tent. 

Since the analysis of IBeauchamp et al.l ()1999fl . a new 
blue spectrum as well as spectra covering Ha have been 
secured. Our analysis of this blue spectrum using our 
pure helium grid yields Tcff — 31, 590 K and logg — 7.82, 
in almost perfect agreement with the results obtained 
with our old spectrum. Our procedure is then to fit this 
spectrum assuming various hydrogen abundances and 
compare the predictions at Ha with our red spectrum. 
These comparisons are shown in the insert of Figure [3] for 
logiV(H)/7V(He) = -4.0 (31,320 K, 7.82; this is almost 
identical to our pure helium solution), —3.5 (30,780 K, 
7.81), and -3.0 (29,140 K, 7.78). Since Ha is clearly 
not detected in our red spectrum, we adopt as our fi- 
nal solution Toff = 31,300 ± 500 K, logg = 7.8 ± 0.1, 
and logiV(H)/A^(He) < —4.0, a hydrogen abundance 
limit that not i s gross ly inconsistent with the result of 
IProvencal et al.l ()2000D based exclusively on the La pro- 
file. Our adopted solution is superposed in Figure [3] on 
top of the the blue and red spectra. 



5.2. Constraint on the hydrogen abundance from the La 

profile 

When La observations are available, the contribu- 
tion of both the geocoronal feature and the interstel- 
lar medium absorpt i on mu st be allowed for. As shown 
by IProvencal eFaLl (|1996D and IProvencal erall (|2000[ ) 
in their pioneering analyses of the La profile in PG 
0112+104, GD 190, and in the prototypical V777 Her 
star GD 358, this can be done successfully when the satu- 
rated core and the broad wings are considered separately. 
For nearby objects, this allows limits on the photospheric 
hydrogen content to be placed. 

The values of the atmospheric parameters we have se- 
cured on the basis of the optical data in the preceding 
section are likely to be the most reliable in terms of the 
assumptions underlying our analysis. Nevertheless, other 
spectral ranges, perhaps less amenable to detailed anal- 
yses, can contribute to the overall self-consistency of the 
analysis. In this spirit, we have investigated the consis- 
tency of the La profile, following t he me thod and tech- 
nique outline by IProvencal et al.l ()2000t ) in their origi- 
nal analysis, with our optical determination of the at- 
mospheric parameters ofPG 0112+104. The saturated 
part of the profile suggests a fairly well constrained inter- 
stellar hydrogen column density of logiVn — 19.4 ± 0.1, 
a value consistent with the results of the initial anal- 
ysis. The resulting photospheric hydrogen abundance 
depends on the assumed effective temperature, and — 
given the importance assumed by the interstellar core 
— a two-dimensional fit would likely not be signifi- 
cant. We plot, in Figure 5, the match to the overall 
ISM+photospheric La profile secured with models at our 
optically determined effective temperature and gravity. 
This is done for values of the hydrogen abundance of 
logiV(H)/Af(He) = -3.0, -4.0, and -5.0. The two pan- 
els display matches secured with values bracketing the 
optimal column density determined above. The theoret- 
ical profiles become less sensitive to the hydrogen abun- 
dance for log A^(H)/A^(He) < —4.0, and an accurate de- 
termination of the hydrogen content from the La profile 
seems hardly possible. Suffice it to be said that the value 
we derive from the optical spectrum is consistent with the 
limit set from the HST data. 

5.3. Transitions of He I and He II 

Our FOS data show several members of the He I far- 
ultraviolet series originating on the 2'^S lower level at 
E = 159850 cm^^. Prominent among those are the first 
members at 3187.74 A (23S-43P), 2945.10 A (23S-53p), 
and 2829.07 A (2^8 - e^P). These transitions can been 
seen faintly in some of the better expose d lUE LWR spec- 
tra of DB white dwarfs (jHolberg et al.ll2003[ ). As was 
done with the La profile, we can investigate here the 
rough consistency of our atmospheric parameters with 
those new features, amenable to a preliminary analysis. 
In Figure 6, we plot the observed FOS data together with 
a synthetic spectrum generated with SYNSPEC at the 
values of the atmospheric parameters determined above. 
While the match to the first two transitions appears quite 
good, it worsens as we move up the series. This is un- 
doubtedly due to a combination of factors, namely the 
lack of tabulated electron impact widths for the higher 
line members and the omission, within SYNSPEC, of de- 
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1205 1210 1315 1220 1225 1205 1210 1215 1220 1225 

Wavelength (A) 

Fig. 5.— Match to the La spectrum of PG 0112+104 for 
two labeled column densities, that bracket our best-fitting value, 
logTVH = 19.4±0.1. The effective temperature is Tog = 31,300 K, 
the surface gravity is log g = 7.8, and the hydrogen abundances 
are log A'^(H)/Af (He) from —3.0 to —5.0 in steps of 1.0, from the 
outside to the inside. The models at —4.0 and —5.0 are nearly on 
top of each other. In both panels, the innermost short dash profile 
is the purely interstellar profile. 

tailed treatment of the level dissolution as we approach 
the series limit near 2644 A. 

3.0 I _ 



^ 2.5 - 




0.5 - 



0.0 r ' 

2600 2700 2800 2900 3000 3100 3200 

Wavelength (A) 

Fig. 6. — Portion of the FOS spectrum showing the He I tran- 
sitions at 2829.07, 2945.10, and 3187.74 A that originate on the 
2^S lower level at E = 159850 cm~^, together with a synthetic 
spectrum generated by SYNSPEC. 

The S/N ratio of the medium-resolution GHRS data 
around the He II A 1640 transition is unfortunately too 
low to provide a useful check on the atmospheric param- 
eters of PG 0112-1-104. Our synthetic spectra do predict 
a weak He II A1640 transition at this effective temper- 
ature, but no meaningful confrontation with the data is 
possible. 

5.4. Energy distribution 

The spectral energy distribution of the star provides 
an additional piece of information. While its slope is, for 
classical hot DB stars, relatively insensitive to the pho- 
tospheric hydrogen content and to the surface gravity, it 
displays some sensitivity to the effective temperature, es- 
pecially when the energy distribution can be sampled as 
far as possible in the ultraviolet. While issues related to 
interstellar reddening and calibration must then be ad- 
dressed, the matching of the energy distribution of PG 
0112-1-104 affords us with another consistency check on 



the adopted values of Toff and logiV(H)/A^(He) which 
cannot be overlooked. Figure 7 displays the energy dis- 
tribution we have constructed for PG 0112-1-104. It in- 
cludes the FUSE data, sampled in 20A-wide bins, the 
HST and GHRS data, sampled in 40A-wide bins, as well 
as the multichannel data, conv erted to monochro matic 
flux according to the relation of lGreenstein I (|1976f ) . The 
match at 1/(1.85 fim~^) defines the solid angle for all the 
data. 




3 4 6 8 10 



1/A (Mm) 

Fig. 7. — The spectral energy distribution of our optimal model 
(solid Une), together with the binned FUSE, GHRS, FOS spec- 
tra (filled c ircles) and the six multichannel magnitudes from 
IGreenstein I II1984I ) (open circles). All data are normalized to the 

V magnitude. The model parameters are T^ff = 31, 300 K, log 
g = 7.8, log A'^(H)/Af (He) = —4.0. Interstellar reddening is in- 
cluded, with E{B -V) = 0.015. 

There are, for this object, two modern sets of magni- 
tudes available. The first one, by Grccnstcin (1984), 
includes the multichannel V magnitude {V — 15.36) 
together with five MCSP color indices from which six 
monochromatic magnitud es can be extracted. The sec - 
ond data set, provided by IGreenstein fc Liebert I ()1990D . 
lists a full set of 15 monochromatic magnitudes, all sim- 
ply read off CCD spectrophotometric data. The visual 
magnitude obtained in that last effort, V = 15.51, is a 
full 0. 15 mag fainter than that provided bv IGreenstein I 
()1984() . On the basis of our experience with these data, 
we restrict our analysis here to the full MCSP data of 
1984, which is give n on the AB79 calibration scale of 
lOke fc GunnI (|1983f ). Our procedure includes a provi- 
sion for the contribution of interstellar reddening, as de- 
scribed b};_the^aiml;Ytic expression for interstellar extinc- 
tion of lSeaton I (I1979D. 

Overall, the IGreenstein I ()1984D data leads to a reason- 
able fit to the energy distribution in the long- wavelength 
ultraviolet range. The FUSE data, on the other hand, are 
below the predicted model fiuxes. An improved match 
can be secured by including modest amounts of reddening 
E{B — V) ^ 0.03. This value is consistent with the low 
column density of neutral hydrogen determined earlier on 
the basis of the La profile, namely log A'h = 19.4 ± 0.1, 
as well as with the apparent absence of H2 absorption in 
the FUSE spectra. 

The parall ax of PG 0112-M04, tt = 8.77 ± 0.55 mas 
(|Harri£ll2009D . provides an additional consistency check 
on our analysis. Our prefer red match based on the 

V magnitude of lGreenste"iin (|l984 ) and an interstel- 
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TABLE 2 

Carbon Line Equivalent Widths and Abundances Observed in FUSE and GHRS 

Spectra 



Ion A (A) log gf gi i?^ (cm ^) E.W. (niA) Abundance Instrument 



C III 


977.020 


-0.120 


1.0 


0.000 


165.8 ± 13.2 


-5.85 ±0.13 


FUSE 


C II 


1009.858 


-0.457 


2.0 


43003.300 


135.3 ± 12.2 


-6.13 ±0.08 


FUSE 




1 01 ns'^ 


—0.156 


4.0 


43025 30n 










1010.371 


0.200 


6.0 


43053.600 








C II 


1036.337 


-0.611 


2.0 


0.000 


63.7 ±4.7 


-6.03 ±0.12 


FUSE 




1037.018 


-0.310 


4.0 


63.420 


82.1 ±6.2 






C II 


1065.891 


0.001 


6.0 


74930.100 


23.5 ±4.9 


-6.22 ±0.14 


FUSE 




1065.920 


-0.952 


4.0 


74932.620 










1066.133 


-0.255 


4.0 


74932.620 








C III 


1174.933 


-0.468 


3.0 


52390.750 


289.4 ± 19.0 


-6.54 ±0.10 


FUSE 




1175.263 


-0.565 


1.0 


52367.060 










1175.590 


-0.690 


3.0 


52390.750 










1175.711 


0.009 


5.0 


52447.110 










1175.987 


-0.565 


3.0 


52390.750 










1176.370 


-0.468 


5.0 


52447.110 








C II 


1323.862 


-1.296 


6.0 


74930.100 






GHRS 




1323.906 


-0.342 


4.0 


74932.620 










1323.951 


-0.150 


6.0 


74930.100 










1323.995 


-1.297 


4.0 


74932.620 








C II 


1334.532 


-0.597 


2.0 


0.000 


81.4 ±8.1 


-6.14 ±0.15 


GHRS 




1335.663 


-1.295 


4.0 


63.420 


119.7 ±9.8 








1335.708 


-0.341 


4.0 


63.420 









lar reddening of E{B — V) ^ 0.015 yields a solid an- 
gle of r2 EE ttR'^/D^ = 2.406 x lO^^s and a radius of 
R = 0.0140 Eg. Here, we have assumed Tcff = 31,300 
K and a co mposition with log A^(H)/A^(He) — —4.0. We 
now use the iWoodI ()1992l ) models with a carbon core, a 
helium envelope of 10"'* Mi,, and no hydrogen layer, rep- 
resentative of helium- atmosphere white dwarfs. On the 
basis of these models, we derive log g — 7.90 ± 0.16 for 
our energy distribution match, a value consistent with 
the spectroscopically-determined value. 

5.5. Abundances of heavy elements 

In addition to interstellar features associated with C II, 
C III, N I, N II, O I, Si II, and Fe II, the FUSE spec- 
tra of PG 0112+104 exhibit many of the photospheric 
ca rbon features pr e vious ly seen in other hot DB stars 
by iPetitclerc etall (|2005[) and iDesharnais et al.l (120081 ). 
Five transitions were observed: the C II AlOlO triplet, 
the C II A1036 and A1066 doublets, and the C III A977 
line and A1175 complex. Among those, the two com- 
ponents of the C II doublet, A1036.337 and A1037.018, 
are split since the doublet originates on levels of low ex- 
citation energy (ground-state for the blue component, 
and 63.4 cm~^ above the ground state for the red com- 
ponent). Both doublet components thus exhibit well- 
separated contributions originating in the photosphere 
and in the ISM. For the other carbon features observed, 
the energy of the lower levels is high enough to guaran- 
tee a photospheric origin. Table 2 lists the transitions 
uncovered and equivalent widths measured in the FUSE 
spectra of PG 0112+104. Among the DB stars previously 
studied with FUSE, EC 20058-5234 — with its effective 
temperature near 28,000 K — is the closest analog to 



PG 0112+104: in that object. IPetitclerc et al.l (j2005t ) re- 
ported the C II AlOlO and A1036 doublets, as well as the 
C III A1175 complex. The C II A1066 do ublet was not 
observ ed. In addition, the reanalysis by iDufour et alj 
(I200I of the GHRS spe ctra of PG 0112+104 secured 
bv lProvencal et all ()20Ciof ) had shown the presence of the 
C II A1335 doublet in those data. 

We have redetermined individual carbon abundances 
on the basis of the six transitions of C II and C III ob- 
served in the ultraviolet spectra of PG 0112+104. The 
results are summarized in Table 2 and shown in Fig- 
ure 8. Our analysis differs little from those carried out 
earher (Dufour et al. 2002; Petitclerc et al. 2005; De- 
sharnais et al. 2008). We abstained from carrying out 
a detailed analysis of the interstellar components in the 
C II doublets. In the case of the C III A977 line, we an- 
alyzed the night-time data of the SiC channels in order 
to avoid the scattered solar emission contribution. For 
each transition, the individual uncertainty on the carbon 
abundance ranges from ±0.08 dex to ±0.15 dcx. The un- 
certainties on the carbon abundances take into account 
uncertainties on the quality of the fit, uncertainties on 
the oscillator strengths, and uncertainties on the atmo- 
spheric parameters (AToff = 500 K, Alogg = 0.1 dex, 
and AH/He = 0.3 dex). Table 2 shows that the car- 
bon abundances vary from logiV(C)/Af(He) = —5.85 to 
—6.54. These two extremes come from the two C III A977 
and AA1175 lines. Considering all carbon abundances, we 
obtain a mean carbon abundance of log N (C) / N (He) = 
—6.15 ± 0.23, where the uncertainty is the standard de- 
viation of the measurements. This abundance is con- 
sistent with that obtained by Provencal et al. (2000) 
on the basis of the C II doublet in their GHRS data. 
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logiV(C)/7V(He) = -5.8 ± 0.3 (determined for a slightly 
cooler effective temperature near 30,000 K), and with the 
value estimated by Dufour et al. (2002) from the same 
data, log7V(C)/iV(He) = -6.0 (for the same effective 
temperature near 30,000 K). 



TABLE 3 

Upper Limits on the Abundances of Heavy Elements 




1009 1010 1011 1012 










* 


'if 






1 : 


; CI 









1065 1066 1067 106B 



ClI I I, Cll 



1173 1174 1175 1176 11? 



Cll I 

1334 1335 1336 1337 



Wavelength (A) 

Fig. 8. — Fits to the carbon transitions observed in the FUSE and 
GHRS range. The C II A1036 and A1335 features, which originate 
on low-lying levels, both exhibit a contribution formed in the ISM. 
Two interstellar O I and Ar I lines are also labelled. 

We inspected the FUSE spectrum in detail to search 
for the presence of other elements in the atmosphere of 
PG 0112+104. No photospheric lines other than carbon 
were detected. Given that the i^C/5i? wavelength range is 
rich in resonance lines or strong transitions, we were able 
to estimate abundance upper limits of a dozen elements. 
Table 3 summarizes our results and shows the lines that 
we used for determining the upper limits. The upper 
limits correspond to abundances that are 3(T above the 
lowest detectable abundances. We measured upper limits 
of six light elements (N, Si P, S, CI, and Ar), five iron 
peak elements (V, Cr, Mn, Fe, and Co), and one element 
beyond the iron peak (Pb) . The upper limits range from 
—7.0 to —8.7. Elements such as oxygen and calcium do 
not have strong lines in the FUSE pass band for a star 
like PG 0112+104, so no upper limits could be set for 
these elements. 

The problem posed by the presence of carbon in hot, 
classical DB stars such as CD 358, EC 20058-5234 or 
PG 0112+104 was addressed bv .Desharnais et al.. (2008), 
who used the carbon abundance value published by 
[Provencal et"aI1 (l2000l) (logiV(C)/Af(He) = -5.8+0.3) in 
their discussion. Our updating of the carbon abundance 
in PG 0112+104 doe s little to alleviate the p roblems dis- 
cussed there and in IPetitclerc et al.l ()2005l ): "hot" DB 
stars are too cool for significant radiative element sup- 
port, but too hot for significant dredge-up or accretion 
fr om the ISM. 

iFontaine fc Brassard I ()2005l ) have proposed an attrac- 
tive scenario to account for the presence of carbon in DB 



Ion 


A (A) 


logs/ 


9i 


El (cm-i) 


logAr(X)/Af(He) 


N III 


991.511 


— 1.317 


4 


174.40U 


< 


—7.0 




yyi.o r / 


—0.357 


4 


1 V/i /ton 






Si III 


1110.174 


— 1.356 


5 


53115.012 


< 


—8.7 




TITO or\ A 


—0.186 


5 


53115.012 








iiio.ZoU 


0.564 


5 


5oii5.01z 






P III 


1UU3.DUU 


—0.400 


4 


559.140 


< 


— 7.8 


s IV 


1U7z.99d 


—0.829 


4 


951.100 


< 


-7.2 






U.UoU 


/I 


U.UUU 


< 


-8.3 


Ar II 


932.054 


0.120 


4 


1431.580 


< 


-7.4 


V III 


1149.945 


0.068 


10 


583.800 


< 


-7.6 


Cr III 


1033.232 


-0.197 


9 


576.080 


< 


-7.2 




1033.433 


-0.259 


7 


356.550 








1033.680 


-0.245 


7 


356.550 






Mn III 


1108.164 


-0.057 


12 


26824.400 


< 


-7.4 




1111.104 


-0.169 


12 


26851.100 








1113.186 


-0.293 


8 


26859.900 






Fe III 


1122.526 


-0.149 


9 


0.000 


< 


-7.4 


Co III 


939.062 


-0.047 


10 


0.000 


< 


-7.2 


Pb III 


1048.877 


0.114 


1 


0.000 


< 


-8.7 



stars above 23,000 K. In their view, the observed carbon 
abundances result from the competition in hot DB stars 
of efficient downward gravitational settling with a weak 
stellar wind left over from previous evolution. While 
there is currently no direct evidence for this wind, its 
existence is not unreasonable given that signs of mass 
loss are observed in the PG 1159 progenitors of hot 
DB stars. The investi gation of winds along the co ol- 
ing track performed bv Fontai ne fc Brassard I ()2005[ ) is 
based on fully evolutionary models which include a lin- 
ear relationship between mass loss and age, with the 
wind turning off completely by the time a star reaches 
Toff = 20, 000 K. For the hot DB stars, the resulting car- 
bon abundance depends, in the main, on the mass loss 
rate and is not strongly dependent on the structural pa- 
rameters of the star (for example, on the helium layer 
thi ckness). To account for the abundances summarized 
bv iDesharnais et al.l (|2008[ ). the rates invoked are of the 
order of a few 10"^'^ M© yr~^. 

Large amounts of car bon are also found in the so-called 
hot DQ white dwarfs (Dufo ur et all 120071 . [20081 ). These 
carbon-dominated atmosphere white dwarfs are believed 
to be the offsprings of DB white dwarfs with very thin 
helium layers that have experienced a convective mixing 
episode with the underlying carbon envelope. However, 
the hot DQ stars are all found at a much lower effective 
temperatures (- 18, 000- 24, 000 K) than PG 0112+104. 
It thus appears very unlikely that the carbon observed 
in the atmosphere of this hot DB white dwarf could be 
the result of a similar convective transformation caught 
in its early phase. 

5.6. Is PG 0112+104 a True V777 Her Variable? 

PG 0112+104 had generally been considered a con- 
stant s tar on the basis high - speed phot ometry carried 
out by iRobinson fc Winget I (|1983[ ) and iKawaler et al.l 
((199J)- Its effective temperature has gene rally been lo- 
cated in the 27,000 K - 30,000 K range (iLiebert et al.l 
1986t iBeaucham p et a 1] [19991: [Provencal et al.l 120001: 
Castanheira et al. 2006), although iTheih et al.l (|1991[ ) 
quote a temperature as low as 24,300 K. 

Because its effective temperature placed it early on 
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near the blue edge of the instabihty strip of the V777 
Her variables, high-speed photometry of PG 0112+104 
has been carried out on several occasions to search for 
the non-radial pulsations that characterize the V777 Her 
stars. Only upper limits o n var iations were reported. 
Thus iRobinson fc Winget I (|1983| ) hst maximum semi- 
amplitudes of 0.30 % in the 10 s— 50 s window, of 0.21 % 
in the 50 s- 200 s wi ndow, and of . 29 % in the 200 s- 
1200 s window, while iKawaler et all ()1994[ ) report upper 
limits on the amplitude of brightness variations of 0.34 
%, the later being based on UV data where the ampli- 
tudes are expected to be eve n larger than in the op tical. 

More recently , how ever, iShipman et al.l (|2002[ ) and 
[Provencal et all ()2003D have reopened the debate and 
suggested, on the basis of 30 h of observing carried out in 
2001 October at the McDonald observatory 2.1-m tele- 
scope, that the object might be variable, with two peri- 
ods tentatively identified: P — 168.98 s, with an ampli- 
tude of 0.083 %; and P = 197.76 s, with an amplitude of 
0.087 %. The noise level in the Fourier amplitude spec- 
trum is ~ 0.018 %. The periods they infer are consis- 
tent with those that characterize known V777 Her stars 
(100 — 1100 s), but the reported amplitudes are consid- 
erably lower than those observed up to now even in the 
lowest-amplitude V777 Her pulsators, which are ~ 4.6 % 
(for PG 1351+489 and PG 2246-f -121). 

If the pulsations observed by IShipman et al.l (|2002[ ) 
in PG 0112+104 are real, it is unclear to what ex- 
tent the driving mechanism — and its associated insta- 
bility strip — invoked for the regular V777 Her stars 
ma y be relevant to t he va riatio ns they observed. While 
the IShipman et"all ()2002f ) and iProvencal eFall ()2003f ) 
data were considered preliminary, their potentially cru- 
cial importance within the context of pulsation theory 
prompted us to observe PG 0112+104 as a backup ob- 
ject during one of our high-speed photometry run at the 
CFHT. 

As shown in Figure 9, white light brightness variations 
with amplitudes greater than 0.08 % of the mean bright- 
ness of the star can be ruled out in the period window 
from 20 s to 1800 s, a range that includes all known pe- 
riodicities in DBV va riables. With a noise level of the 
order of twice that of IShipman et al.l ()2002D . we see no 
structure at the frequency (5.06 mHz) corresponding to 
the 198 s period, while a noise peak might be present 
at the frequency (5.92 mH z) corres p ondin g to the 169 s 
period detected by Shipm an et al.l (j2002D . Our upper 
limits on the brightness variations in PG 0112+104 are 
comparable to (even slight l y lowe r than) the variations 
reported by IShipman et all ()2002D . so we cannot confirm 
their suggested detection. We note in this context that 
had PG 0112+104 been a normal V777 Her variable, our 
observations would have revealed it easily. 

\ yhat is, then, t he sta tus of the variations observed 
by IShipman et all (l2Q0l ? To our knowledge, neither 
was their preliminary report published in a refereed jour- 
nal nor was their claim withdrawn. It is assuredly of 
some significance that PG 0112+104 was not considered 
a V77 7 Her star in the recent review of Winget fc KepleU 
(|2008D . Even more recently, the discussi o n of t he insta- 
bihty strip of the DB stars of iNitta et all ()2009D includes 
a private communication from J. Provencal stating that 
"time series observations of this star [PG 0112+104] have 
not detected any pulsations" . This revised position is in 
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Fig. 9. — Fourier transform of the light curve of PG 0112+104. 
No peak higher than 0.08 % of the mean brightness is observed in 
the period window from 20 s to 1800 s. 

agreement with our own result, and suggests that PG 
0112+104 truly sits above the blue edge of the V777 Her 
instability strip. 

6. CONCLUSIONS 

We have provided a comprehensive multiwavelength 
analysis of the hot DB white dwarf PG 0112+104 based 
on data largely unexploited up to now. Our analysis 
yields the following parameters: Tes = 31, 300 ± 500 K, 
log 5 = 7.8 ± 0.1 (M = 0.52 M©), a hydrogen abundance 
of logiV(H)/A^(He) < —4.0, and an improved carbon 
abundance of log7V(C)/iV(He) = -6.15 ± 0.23. Since 
the discovery of several hot DB stars within the SDSS 
has contributed to the demise of the idea of a true DB 
gap along the white dwarf cooling sequence, the individ- 
ual modeling of a single "hot" DB white dwarf may have 
lost some of its luster. Nevertheless, at V ~ 15.4, PG 
0112+104 remains one of the few hot DB stars currently 
amenable to a detailed analysis of the type completed 
here. PG 0112+104 represents our best object near the 
transition from nonpulsator to pulsator and our reevalu- 
ation of the status of PG 0112+104 as a V777 Her star 
in § 5.6 underscores the fact that, even for the brightest 
members, a complete picture of these complex objects 
is only slowly developing. There are still many aspects 
about the evolution of helium atmosphere white dwarf 
that are not completely understood yet, for instance the 
observed carbon and hydrogen abundance patterns and 
the exact location of the instability strip. This study 
brings much needed empirical knowledge about these is- 
sues but more work on helium-rich white dwarfs will be 
needed for a complete understanding of these objects to 
emerges. 
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